Abstract. Cholangiocarcinoma (CCA) is a rare and fatal tumor. In previous decades, there has been a steady increase in the incidence and mortality rates of this tumor worldwide. Metastasis is regarded as the major factor that contributes to poor prognosis in CCA patients. Studies therefore aim to develop novel therapeutic targets to control CCA metastasis. Fyn is known to enhance expression and promote metastasis in various cancers, including pancreatic cancer, prostate cancer and colorectal cancer. However, the exact function and mechanism of Fyn in CCA metastasis remains unclear. In the present study, mRNA and protein expression levels of Fyn, AMP-activated protein kinase (AMPK), phosphorylated (p-) AMPK, mammalian target of rapamycin (mTOR) and p-mTOR were measured, using the reverse transcription-quantitative polymerase chain reaction and western blot analysis, in CCA tissues and cell lines. In addition, Transwell assays were used to determine the migratory and invasive abilities of human CCA QBC939, following transfection. In the present study, it was found that Fyn was overexpressed in CCA cell lines. Fyn knockdown inhibited CCA cell migration and invasion. Furthermore, it was demonstrated that Fyn knockdown induces phosphorylation of AMPK, inhibits downstream phosphorylation of mTOR, and activate the AMPK/mTOR signaling pathway. Compound C, an AMPK inhibitor, inhibited the AMPK/mTOR signaling pathway, and reversed the effect of Fyn knockdown on migration and invasion of CCA cells. In conclusion, the present study suggests that Fyn knockdown inhibits cell migration and invasion by regulating the AMPK/mTOR signaling pathway in CCA cell lines and that Fyn knockdown is a potential target for anti-CCA therapy.
Introduction
Cholangiocarcinoma (CCA) is the second most common primary liver malignancy after hepatocellular carcinoma in 2012 worldwide (1) . It is defined as a rare and fatal tumor, which in previous decades has demonstrated a steady increase in the incidence and mortality rate worldwide (2) . The early clinical symptoms of CCA are challenging to identify, resulting in a lack of accurate diagnosis at the early stage, and inability to control the incidence rate (3) . Patients with early stage CCA are usually recommended to undergo surgical resection, which is considered to be the most favorable therapy to achieve good prognosis and, to a certain extent, prolong the survival of CCA patients (4, 5) . While the prognosis of advanced CCA patients remains poor, metastasis is regarded as the major factor that contributes to their poor outcome (5) (6) (7) . Tumor metastasis is a complex and multistep biological process, wherein metastasis-promoting genes and inhibition of metastasis suppressors play critical roles during the entire metastatic process (8) . A number of genes can affect the tumor metastatic process, and therefore, researchers aim to develop novel therapeutic targets to control CCA metastasis.
Fyn, a member of the Src tyrosine kinase family (SFK), is known to be involved in several biological activities associated with cancer. Fyn expression is upregulated in multiple human cancers including prostate cancer, glioblastoma, chronic myelogenous leukemia, melanoma and squamous cell carcinoma (9) (10) (11) (12) (13) . Fyn expression is also associated with tumor metastasis. Chen et al (14, 15) have found that Fyn expression is upregulated in pancreatic cancer and that Fyn requires HnRNPA2B1 and Sam68 to coordinate and regulate metastasis in pancreatic cancer. In advanced prostate cancer, Fyn was found to enhance the neuroendocrine phenotype and increase visceral metastasis (16) . In colorectal cancer, Fyn is induced by cellular prion protein accelerates colorectal cancer metastasis (17) . In breast cancer, Fyn expression is induced by Ras/PI3K/Akt signaling and is essential for enhanced breast cancer migration and invasion (18) .
The exact function and mechanism of Fyn in CCA metastasis remains unclear. In the present study, the expression of Fyn in CCA cell lines and the association with CCA cell migration and invasion were investigated. The results showed that Fyn is upregulated in CCA cell lines and that downregulation of Fyn suppresses CCA cell migration and invasion. Mechanistic studies revealed that Fyn inhibited AMPK/mTOR signaling, which promoted CCA cell migration and invasion. The present results confirmed that Fyn blockade is a potential target for anti-CCA therapy.
Materials and methods
Cell culture. The normal bile duct HIBEC cell line and the human CCA QBC939, RBE, CCLP1 and HCCC-9810 cell lines were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 µg/ml) (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Fyn knockdown. Suppression of Fyn (NM_002037.5) expression was achieved using short hairpin RNA (shRNA) lentiviral transduction particles. The short hairpin RNA (shRNA) of Fyn (NM_002037.5; shFyn) was amplified from normal human genomic DNA using the following primers (Genewiz, Inc., Suzhou, China): shRNA forward (BamHI), 5'-GAT CCC ACA GGT GGC TGC AGG AAT GGT CAA GAG CCA TTC CTG CAG CCA CCT GTG TTT TTT TG-3' and reverse, (EcoRI), 5'-AAT TCC AAA AAA ACA CAG GTG GCT GCA GGAA TGG CTC TT G ACC ATT CCT GCA GCC ACC TGT GG-3'. The shFyn was cloned into pLVX-shRNA1 vectors (Clontech Laboratories, Inc., Mountain View, CA, USA), termed pLVX-shFyn. Recombinant pLVX-shFyn and pHelper 1.0 and 2.0 plasmids (Clontech Laboratories, Inc.) were generated by the transient transfection of HEK 293T cells (2x10 6 cells; Cell Bank of Chinese Academy of Sciences), using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol, and the lentivirus was packaged in accordance with a previous study (19) . For stable transfection, QBC939 cells were infected with the virus supernatant fluid along with 8 µg/ml polybrene and selected in 0.5 µg/ml puromycin for one week, followed by 0.2 µg/ml puromycin for one month. The stable cells were harvested 24 or 48 h after transfection for additional analysis.
Cell groups and treatment. The stable QBC939 cells expressing shFyn were termed shFyn. The QBC939 cells transfected with lentivirus expressing negative control shRNA were termed shNC. To validate that Fyn promotes CCA metastasis through the activated AMPK/mTOR signaling pathway, AMPK inhibitor compound C (10 µM; Calbiochem, San Diego, CA, USA) was used to inhibit the AMPK/mTOR signaling and 1% dimethyl sulphoxide (DMSO) was used as negative control (NC). In the present study, 2x10 5 shFyn-transfected QBC939 cells were cultured at 37˚C for 24 h in a humidified atmosphere containing 5% CO 2 , and subsequently with 10 µl compound C or DMSO at 37˚C for 24 or 48 h. Then, the shFyn-transfected QBC939 cells were harvested for additional analysis.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from cultured QBC939 cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions, and the RNA was reverse transcribed into cDNA at 42˚C for 15 min using AffinityScript QPCR cDNA Synthesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA). Fyn RNA expression was detected by RT-qPCR using Brilliant II SYBR Green QPCR Master Mix kit (Agilent Technologies, Inc.). Amplification was performed using the following PCR conditions: Preheating at 95˚C for 10 min, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 10 sec. Fyn and 18srRNA (internal control) primers were synthesized by Sangon Biotech (Shanghai, China). The following primer sequences were used: Fyn forward, 5'-GGG TGC TAA TGT GGA GAC TG-3' and reverse, 5'-GCT TTG ATG CTG ACT TGC AG-3'; and 18srRNA forward, 5'-CCT GGA TAC CGC AGC TAG GA-3' and reverse, 5'-GCG GCG CAA TAC GAA TGC CCC-3'. RT-qPCR was performed on an Applied Biosystems 7500 system (Thermo Fisher Scientific, Inc.) with melt curve analysis. Gene expression was measured in triplicate. The data were analyzed using the 2 -ΔΔCq method (20) . Quantitative analysis was performed using the ratio of the target gene to 18srRNA, and normalized to the control.
Western blotting. Protein expression of Fyn, AMPK, phosphorylated AMPK (p-AMPK), mTOR and phosphorylated mTOR (p-mTOR) was detected by western blot analysis. The normal bile duct HIBEC cell line and human CCA QBC939, RBE, CCLP1 and HCCC-9810 cell lines were harvested for Fyn protein expression analysis. QBC939 cells, stably expressing shNC or shFyn, were harvested for Fyn, AMPK, p-AMPK, mTOR and p-mTOR analysis. All harvested cells were lysed using radioimmunoprecipitation assay buffer (Takara Biotechnology, Co., Ltd., Dalian, China), followed by protein quantification using BCA Protein Assay kit (Beyotime Institute of Biotechnology, Haimen, China). Approximately 30 µg of protein sample was loaded per lane. Proteins were separated on 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane. The membrane was blocked in Tris-buffered saline with 1% Tween-20 buffer containing 5% skimmed dried milk and incubated at 4˚C overnight. The primary antibodies, consisting of rabbit monoclonal anti-Fyn (dilution, 1:1,000; catalog no. ab125016), mouse monoclonal anti-AMPK (dilution, 1:500; catalog no. ab80039), rabbit monoclonal anti-p-AMPK (dilution, 1:2,000; catalog no. ab133448), rabbit polyclonal anti-mTOR (dilution, 1:2,000; catalog no. ab2732), rabbit polyclonal anti-p-mTOR (dilution, 1:1,000; catalog no. ab109268) (all from Abcam, Cambridge, MA, USA) and anti-GAPDH (dilution, 1:10,000; catalog no. KC-5G5; Kangchen Biotech Co., Ltd., Shanghai, China), were added and the mixture was incubated overnight at 4˚C on a rocking platform. This was followed by incubation of the membrane with goat anti-mouse or goat anti-rabbit IgG (H+L) secondary antibody conjugated to horseradish peroxidase (1:5,000; catalog no. 1034-05 or 4050-05, respectively; Southern Biotech, Birmingham, AL, USA) for 2 h. The proteins were visualized using Pierce™ ECL Western Blotting Substrate (Pierce; Thermo Fisher Scientific, Inc.) and were exposed on X-ray film. Gray scale images were then analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The expression levels of proteins of interest were normalized to the expression of GAPDH.
Transwell migration and invasion assays. Cell migration and invasion were assessed using a Transwell migration assay. For the migration assay, the suspension (200 µl) containing 1x10 5 QBC939 cells, stably expressing shNC or shFyn, was dispensed into the upper chamber (8 µm pore size; BD Biosciences, San Diego, CA, USA) and RPMI-1640 medium containing 10% FBS was added to the lower chamber of the Transwell. The chamber was incubated at 37˚C for 48 h in a humidified atmosphere containing 5% CO 2 . Following, cells were fixed with 4% paraformaldehyde for 15 min at 25˚C and stained with 0.1% crystal violet in 20% ethanol for 10 min at 25˚C. Images were captured using a LEICA light microscope (magnification, x200). The number of migrating cells in the center and five surrounding independent fields were counted, and average counts were calculated as the migrating cell numbers. For the invasion assay, the artificial substrate Matrigel (BD Biosciences) was layered in the Transwell chamber and 1x10 5 QBC939 cells from each group were dispensed into the upper chamber followed by incubation at 37˚C for 48 h in a humidified atmosphere containing 5% CO 2 . The subsequent treatment procedures followed those used for the migration assays. Each experiment was performed with three wells and the same experiment was measured in triplicate.
Statistical analysis. Statistical analyses were performed using SPSS version 19.0 (IBM Corp., Armonk, NY, USA). Quantitative data are presented as the mean ± standard deviation. Fisher's least significant difference test was used to control for the multiple comparisons of comparing all CCA cell lines to the same HIBEC control. The differences between shNC and shFyn groups were analyzed by the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Fyn was upregulated in CCA tissues and cell lines.
To investigate the role of Fyn in the regulation of CCA cell migration and invasion, the present study determined Fyn expression levels in the normal bile duct HIBEC cell line and in human CCA QBC939, RBE, CCLP1, and HCCC-9810 cell lines using RT-qPCR and western blot analysis. The results showed that Fyn expression was significantly decreased in CCA cell lines compared with HIBEC cells, particularly QBC939 cells (Fig. 1) . Based on these results, QBC939 cells were used for subsequent experiments.
Fyn knockdown inhibited CCA cell migration and invasion. To investigate the role of Fyn in the regulation of CCA cell migration and invasion, shFyn was transfected into QBC939 cells. After 48 h of transfection, QBC939 cells were harvested for western blot analysis. The results showed that transfection of QBC939 cells with shFyn effectively inhibited Fyn expression (Fig. 2A) . Furthermore, in order to measure QBC939 cell migration and invasion, Transwell assays were used subsequent to transfection of cells with shFyn or shNC for 48 h. The number of migrating cells after transfection with shNC or shFyn was 223±9 and 144±13, respectively (P<0.05; Fig. 2B ), and the number of invading cells was 134±17 and 89±10, respectively (P<0.05) (Fig. 2C) . The Transwell migration assay showed that the ability of migration through the membrane into the lower chamber was significantly inhibited in cells transfected with shFyn compared with shNC-transfected cells (P<0.05; Fig. 2D ). The Transwell invasion assay showed that the ability of cells to invade a Matrigel-coated membrane and migrate into the lower chamber was significantly decreased in cells transfected with shFyn compared with shNC-transfected cells (P<0.05; Fig. 2E ).
Effects of Fyn inhibition on AMPK/mTOR signaling pathway.
The AMPK/mTOR signaling pathway has an important role in tumor development and metastasis. To investigate the potential mechanism of Fyn in regulation of CCA cell migration and invasion, the present study examined the effects of Fyn on AMPK/mTOR signaling. The expression of p-AMPK, AMPK, p-mTOR and mTOR in the QBC939 cells transfected with shFyn and shNC was analyzed by western blotting (Fig. 3A) . The results showed that phosphorylated AMPK levels in QBC939 cells transfected with shFyn were significantly increased compared with QBC939 cells transfected with shNC. By contrast, the expression of phosphorylated mTOR was decreased, but the expression of AMPK and mTOR were not significantly different in both groups (Fig. 3B) . Thus, Fyn knockdown can activate the AMPK/mTOR signaling pathway.
Compound C can reverse the effect of AMPK/mTOR signaling. The expression of p-AMPK, AMPK, p-mTOR and mTOR in the CCA QBC939 cell line treated with shFyn plus compound C or NC were analyzed by western blotting (Fig. 4A) . The results of western blotting experiments showed that levels of phosphorylated AMPK in QBC939 cells treated with shFyn plus compound C were significantly decreased compared with QBC939 cells treated with shFyn plus NC. By contrast, the levels of phosphorylated mTOR were increased, whereas the expression of AMPK and mTOR were not significantly different between both the groups (Fig. 4B) . Thus, compound C can reverse the effect the effect of Fyn shRNA on AMPK/mTOR signaling pathway in QBC939 cells.
Inhibition of AMPK/mTOR promoted CCA cell migration and invasion. In order to investigate the role of Fyn and AMPK/mTOR signaling in the regulation of CCA cell migration and invasion, the present study cultured QBC939 cells treated with shFyn plus compound C or NC. After 48 h of culture, Fyn expression was detected by western blotting. The results showed no differences in Fyn expression between the QBC939 cells treated with shFyn plus compound C and the QBC939 cells treated with shFyn plus NC (Fig. 5A ). In addition, Transwell assays were used to estimate the migration and invasion of QBC939 cells treated with shFyn plus compound C or NC. After 48 h of culture, the migration numbers of QBC939 cells treated with shFyn plus compound C or NC were 147±16 and 217±15, respectively (P<0.05; Fig. 5B ), and the invasion numbers of QBC939 cells treated with shFyn plus compound C or NC were 83±11 and 109±11, respectively (P<0.05; Fig. 5C ). The Transwell migration assay showed that the ability of the cells to migrate through the membrane into the lower chamber was significantly inhibited in the shFyn plus compound C group compared to the shFyn plus NC group (P<0.05; Fig. 5D ). The Transwell invasion assay showed that the ability of the cells to pass through a Matrigel-coated membrane into the lower chamber was significantly decreased in shFyn plus compound C group compared to shFyn plus NC group (P<0.05; Fig. 5E ).
Discussion
CCA is a rare and fatal tumor with steadily increasing incidence and mortality rates worldwide over previous decades (1) . Metastasis is regarded as the major factor that contributes to the poor prognosis of CCA patients (5) . Therefore, researchers aim to develop novel therapeutic targets to control CCA metastasis. Fyn, a member of the SFK, has been found to enhance expression and promote tumor metastasis in various cancers, including pancreatic, prostate and colorectal cancers (15) (16) (17) . In the present study, the function of Fyn in the regulation of CCA cell migration and invasion was investigated. The present results provide in vitro evidence that Fyn is overexpressed in CCA cell lines and that silencing Fyn inhibits CCA cell migration and invasion. These results reveal the oncogenic potential of Fyn in CCA in a manner similar to other cancers.
Little is known about the mechanisms by which Fyn induces migration and invasion of CCA cell lines. AMPK is a ubiquitous serine/threonine protein kinase that regulates tumor occurrence, development and chemoresistance through negative regulation of mTOR. Li et al (21) showed that vitamin D3 potentiates the growth inhibitory effects of metformin in human prostate DU145 cancer cells through activation of p-AMPK with subsequent inhibition of downstream mTOR signaling. Wu et al (22) demonstrated that activation of AMPK/mTOR signaling pathway is involved in autophagy-mediated cisplatin resistance in lung adenocarcinoma. AMPK/mTOR signaling also has an important role in tumor metastasis. In human non-small cell lung carcinoma (NSCLC), activated AMPK/mTOR signaling pathway suppressed the invasion and migration of NSCLC cells (23) . In the present study, the effects of Fyn on AMPK/mTOR signaling were investigated. These findings demonstrate that Fyn knockdown can activate the phosphorylation of AMPK, inhibit downstream phosphorylation of mTOR, and activate the AMPK/mTOR signaling pathway.
Furthermore, the present study cultured CCA cells treated with shFyn plus compound C or NC to investigate the role of Fyn and AMPK/mTOR signaling in the regulation of CCA cell migration and invasion. As expected, the AMPK inhibitor compound C suppressed the AMPK phosphorylation and increased mTOR phosphorylation, without significantly affecting Fyn expression. In addition, shFyn plus compound C promoted the migration and invasion of CCA cells compared with shFyn plus NC. Thus, compound C could reverse the effect of Fyn shRNA on migration and invasion of CCA cells.
In conclusion, Fyn knockdown inhibits cell migration and invasion by activating the AMPK/mTOR signaling pathway in CCA cells. The present data only provide in vitro evidence regarding the role of Fyn in CCA cells. In vivo studies are required to further confirm the oncogenic role of Fyn and to help establish a therapeutic strategy based on Fyn targeting.
